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T H E  THEORY OF ATMOSPHERIC TURBULENCE-AN HISTORICAL RESUME AND A N  OUTLOOK 

By CARL-C:USTAF ROSSBY 
[Weather Bureau, Washington, March 2, 18271 

Everyone knows that the air is only seldom in a statme 
of uniform motion. The smoke from a chimney and the 
dust whirls on the ground show that the wind practically 
always is varying rapidly in velocity and direction. 
Even on quiet summer days with apparently no wind 
a t  all, small irregular gusts set the leaves trembling. 
Examination of a few anemometer records will confirm 
these simple observations and at  the same time show that 
the degree of irregularity varies from tiine to time. 

We attribute these variations of wind velocity and 
wind direction to the occurrence of numerous eddies in 
the atmosphere, saying that the air generally is in a state 
of turbulence or that the atmospheric currents are turbu- 
lent. The study of turbulence has in the last two 
decades gradually grown to be a distinct branch of 
meteorology and the results have found widespread 
application in different fields. 

Our present knowledge of atmospheric turbulence is 
only to a limited extent a fruit of direct studies of ane- 
mometer records; far more is it a result of theoretical 
discussions of the internal friction of the air, supple- 
mented by analyses of curves for the ve.rtica1 distributioii 
of wind velocity. We shall here try to outline the de- 
velopment of this branch and also to indicate certniri 
directions in which further work seems desirable. 

In his first paper on “Atmospharisc,he Bewegungen ” 
Helmholtz (1) showed that if we want t,o account for 
the rapid dissipation of kinetic energy in the atmosphere 
(demonstrated by the short life of storms), the mole- 
cular viscosity of the air as determined by laboratory 
experiments is entirely too small. L4s an illustration, 
Helmholtz took the case of a simple laminar motion of 
the atmosphere under the sole influence of viscosity. 
He determined the vertical velocity distribution from 
the ordinary hydrodynaniical equations in the form 
Euler and Navier had given them and then computed 
the time in which the velocity a t  all levels would decrease 
by one half.’ Using the laboratory value for the mole- 
cular viscosity of air, he obtained the amazing result 
that it would require 42,747 years. To explain the 
immensely more rapid dissipation actually observed, 
Helmholtz started from the concept.ion of atmospheric 
surfaces of discontinuity, in other words surfaces where 
density and temperature sudde.nly change. Having 
derived the equilibrium conditions for these surfaces he 
showed that they can exist only for a. short time, because 
they are unstable, and therefore under the influence of 
small disturbing forces roll up in vortices. “In these 
vortices the originally separated air masses are folded 
around each other in more and more niimerous and 
therefore thinner and thinner layers, and in this way, 
through the tremendously magnified contact surface, a 
ra id equalization of temperature and velocity is pos- 

After Helmholtz had shown the inadequacy of the 
molecular viscosity term in the classical Euler-Navier 

sib P e.” 

1 In the equation for the movement along the x-axis (assumed horizontal) the viscosity 
brmhas the form . 
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where c b the coefficient of moleculsr viscosity and u is the velocity component alon 
the r-axla. In the atmas here, where the ho&ontal variations of velocity are smag 
comwred with the ver& the f h t  two terms can generally be neglected (the z-axis 19 
m e d  verttal). Thus the frictional term reduces to 
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equations when applied to large atmospheric move- 
ments, Gddberg and Mohn (2 )  attempted to find other 
equat’ions containing frictional terms which would better 
account for the dissipation of kinetic energy within the 
atmosphere. 

to these authors the friction is simply 

equations, which describe comparatively well the move- 
ments of the surface layers, in which the ohief frictional 
influence is the resistance from the ground, were im roved 

acting on the surface lnyer is not exactly opposite to the 
wind direction, but is deviated to the right (in the 
northern hemisphere) and explained this deviation as the 
effect of the frictional drag exerted by the upper layers. 
From measurements on synoptic maps he found the 
average value of the angle between the total frictional 
force on the surface layer and the reversed wind direction 
a t  the surface to be about 38’. 

However, these semiempirical equations served only 
the purpose of describing the movements of the surface 
layer and could not contribute to a deeper understand- 
ing of atmospheric movements, and especially of the 
nature of the frictional interaction betw-een different 
horizontal layers. The first fundamental step toward 
the solution of the latter problem was taken by Akerblom 
(4) .  His starting point was the assumption that the 
Euler-Navier equations in principle describe atmospheric 
movements correctly if we substitute for the coefficient 
of molecular viscosity another, suitable coefficient 
characterizing the apparent or virtual atmospheric 
viscosity. Under this assumption Akerblom integrated 
the dynamical equations for the simple case of recti- 
linear motion with straight parallel isobars and obtained 
a certain curve for the vertical vtiristion of wind velocity 
and wind direction.2 Comparing the theoretical results 
with observational data from the Eif€el Tower, he could 
determine the coefficient of the virtual viscosity. This 
turned out to be many thousand times larger than the 
molecular viscosity. Thus the molecular viscosity of 
airatOO C. is equal to0.000170 -__- , whereas the values 

found by Akerblom vary between 87 ;mx in winter 

and 113 ~ in summer. Using these new values 
herblorn obtained a close agreement between the 
theoretical and the observed curves. Thus he had 
proved that if a suitable virtual viscosity coefficient is 
used, the Euler-Navier equations can be applied also 
to the study of large atmospheric movements. As seen 
from the numerical values given above, ikerblom also 
found that the virtunl friction has a marked seasonal 
variation. 

Akerblom’s ideas were further developed by Hesselberg 
and Sverdrup (6). The had a t  their disposal the abun- 

berg and could determine the value of the virtual viscosity 
for different layers. They found that the coefficient in- 
creases from a very small value close to the surface up to 

proportiona Accordin? and opposite to the wind velocity. Their 

by Sandstrom (3). He showed that the frictiona 7 force 
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dant aerological materia 9 from the observatory a t  Linden- 

~ 

a %kerblorn was led to gs investigation through a paper by V. W. Ekman (6), who 
had already solved theoretically a corresponding problem for the sea, 1. e. the d e t e r n u .  
tion of the vertical distribution of velocity in a drift current. 
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a many times greater value a t  about 300 meters; from 
here on it remains comparatively constant with height.3 
So far the values of the vlrtual coefficient of viscosity 

had all been obtained from the ordinary hydrodynamical 
equations. These equations simply tell what the velocity 
distribution will be if the.c-irtualfrictiorilias a certain value. 
They, therefore, allow us to draw certain conclusions from 
an observed velocity distribution as to the value of the vir- 
tual friction. However, they do not tell us the phpical 
factors that roduce the virtual friction. NOK hker- 

shown that the virtual friction varies in space and time. 
The question of the causes of this virtual friction and its 
variations therefore naturally arose. Investigations with 
this definite program were not a t  once taken up. How- 
ever, some very important studies were iiiade which in a 
way prepared for the solution of the new fundaniental 
problem. 

In 1915 Taylor published a paper (9))  which for the 
development which was to follow became of highest 
importance. Hesselberg and Sverdrup recognizecl that 
the virtual friction was due to turbulence, in other words 
to the numerous small eddies superposed on the liirger 
atmospheric movements, but, they did not show how tlie 
turbulence could produce such an effect. This was t8he 
task to which Taylor set himself. 

Taylor started from the fact t8hat there is coiistaiitly 
a more or less intensive exchange of mws between the 
different (horizontal) air Inyers. Small eddies are con- 
stantly leaving their mother layer snd traveling upward 
or downward until they gradually are assimilated by 
the surroundings. This eschange of mass is acc‘oni- 
panied by an exchange of the properties charnclteristic 
of the different air layers, for instance, their water 
vapor content, heat and horizontal momentum. As a 
result there will be a transport of, for instance, wtlter 
vapor upward if this element decreases with height, 
and downward if it increases with height. The magni- 
tude of the upgrade current of water vapor passing 
through a horizontal unit surface per second is equal to 

blom’s, as we P 1 as Hesselberg’s and Sverdrup’s work had 
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where c is R coefficient, called by Taylor “eddy conduc- 
tivity,” and m is the water vapor content in grams per 
gram of moist air. When the same reasoning IS spplied 
to the temperature (which was the elenlent, first treated 
by Taylor) it must be borne in mind that this qiirlntity 
is not an invariant,, characteristic of t8he layer, a.4 is for 
instance the case with t8he amount of water rnpor per 
gram of moist air (as long as 110 concIensRtion takes 
place). On the contrary:, when a n  eddy leave.; the 

_ _ _ _ _ _  ~~~ ~ 

a The latter conclusion. namely that the coefficient of rirtiial friction froni n fpw 
hundred meters abovo surface rehains constant with hciphr. w n : s  not justiTlahlr. 
Using the notations introduced in footnote 1 we bave for the r-com.ponPnt of thr frict ion31 
stred8 per horizontal unit surface the erpression pt‘. Now, sincep is variable. it. is easily 

proved that theresultant frictional f 0 r c g w a . y  lnyeraill heequal to; (#E). Incorn- 

puting their p-values Hesselberg and Sverdrup replaced this expression b y   pa^* * thus 

neglecting the term k’. E which is of tho same order of magnitude as p ‘p!. That this 
a proximation highly affecb the results of the conlputation has been shown in anot.her 
ppace (7). There is, moreover, a principaldifference between a frictional term 01 the type 

and one of the type &( p::) . The former will, since p is essentially positive, always 

have the =me dun as 3 9  whether p is variable or not, and will therefore dways tend 
to annihilate erlsting differences of velocity. The latter expression may. hoarver, on 
acemnt of the term E have the opposite sign to s* In this case differences of ve- 
locity already existing map under favorable conditions increase and flnelly derclop 
Into real dhntlnluties (8). 
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mother layer on its upward or downward route it is 
espanded or compressed adiabatically, thus all the time 
changing its temperature. We know, however, that the 
potential temperature (6) remains constant during all 
adiabatic processes. This quantity, therefore, is an in- 
variant, characteristic of the mother layer of the eddy, 
m d  the reasoning ahove may therefore be applied also 
to  the discussion of eddy transport of potential tempera- 
ture. The transport upward of potential temperature is, 
per unit cross section, equal to 

69 
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where the coefficient c probably has the same value as 
in the expression for the transport of water vapor. 
The important result of this application is, that as long 
as the potential temperature increases with height, as it 
practically always does, the turbulence carries potential 
temperature and therefore heat doionzoard. Only in the 
caqe of unstable stratification (upward decreasing poten- 
tial temperature) do the eddies ca i rp  heat upward. 

Applying the same method to the horizontal mo- 
mentum, Taylor found for the gain of momentum in a 
certain lager an espression of the same form as the princi- 
pal part of the frictional term in the Euler-Navier 
equations. Thus it was proved, that the turbulent 
exchange of mass between different layers is responsible 
for the virtual friction in the atmosphere and a new 
independent proof had been obtained for the validity of 
the Euler-Navier equations, provided only a proper 
viscosity coefficient is used. Taylor introduced instead 
of the tern1 virtual friction the name “eddy viscosity,’’ 
which now is generally accepted among English writem. 

For the vertical transport of horizontal momentum 
through unit surface he obtained the expressions 
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Here i~ and v are the two horizontal velocity components 
and p the coefficient of eddy viscosity. Taylor suggested 
for theoretical reasons that eddy viscosity and eddy 
conductivity are equal. His own as well as later measure- 
ments seem to confirm this view. 

A little later V. Schmidt (f0) published a study of a 
very similar nature and reached the same conclusions &g 

Taylor. Schmidt has worked intensively on the applica- 
tion of the equations for eddy convection of heat and 
water vapor to various questions. He discussed, for 
instance, the diurnal variation of temperature in the free 
atmosphere, the influence of large cities on climate, etc. 
He, more than anyone else, has shown through his 
investigations the wide applicability of these mathemati- 
ra1 methods to the most varying problems. 

With only slight alterations the methods of Schmidt 
and Taylor may be applied to  the study of the horizontal 
transport of heat and water vapor from the equator 
toward the poles. In this latter case cyclones and anti- 
cyclones are regarded as eddies superposed upon a 
general West-East circulation. While on account of the 
entirely different order of magnitude of cyclones and 
anticyclones as compared with the eddies of the free 
atmosphere, their coefficient of eddy conductivity has 
values of a different order of magnitude, nevertheless 
the principles of the treatment remain the same. This 
horizontal convecti n problem was taken up by Defant 
(11)) Exner (12)) ingstrom ( I S ) .  Schmidt introduced 
the term “Austausch” (exchange), which in the main 
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coincides with Taylor’s “eddy conductivity ” and which 
is enerally used by German writers. 

!baylor’s and Schmidt’s work immediately st.imulat,ed 
a very active study of the eddy acbivity in the at’nws- 
phere. L. F. Richardson, one of the first to take up thr 
problem after them, c,omputed by nieans of bhe most 
varied methods a number of values of t,he eddy conduc- 
tivity and eddy viscosity. A very complet,e table of his 
own values as well as those obtained by other aut8hors 
is published in his book “Weather Predict,ion by Numeral 
Process” (14). These values vary between such wide 
limits as 0.001 and 1O3Ocm. Thus it is evident) that 
a value of the eddy conductivity without indication of 
the circumstances under which i t  was obt,ained is useless. 
By “circumshances ” in this case we mean the condit,ions 
which determine the state of turbule,nce; t8hus, we are 
again led back to our fundamental quest,ion. However, 
Richardson’s tables seem to indic.at>e as a general conclu- 
sion that the eddy conductivity is very small c.lose to the 
surface, then increases to a niasimuni within t,he first 
kilometer, and finally at the higher levels again decreases 
(compare footnote 3). 

His data also show another peculiarity, which may 
throw a certain light on t’he arrangement of the atmos- 
pheric eddies. If we place at  a cert’ain level a coordinate 
system with the s-arris in the direc.tion of t,he wind and 
the z-axis along the vertical, then we have a t  this level, 

u+o,  v=o  (u, v, w denote the velocity components). 

Since, however, wind direction and wind velocity vary 
with height, we have 

grams 
set,. . 

The eddy stress per cm.2 at the level z = o  has the 
components 
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Richardson found that p does not have the same value 
in both these expressions, but is about seven binier; 1arge.r 
in the latter case. Thus t.he,re is a small resistance against, 
a variation of t,he velocity with height, hut, a very st>rong 
resistance against a change in wind direckion. F e  c.an 
understand this if we imagine t)hRt, the eddies are ar- 
ranged in long rolls wit,h horizont)al axes, everywhere 
orthogonal to t’he wind direction. Just, as only a small 
impulse is needed to push a wagon forward or bmkward, 
while very great force must be applied to push it side- 
ward, in the same way t,he upper layer rolls easily o w r  
the lower in the direckion of the wind, but t,he.re is a 
great resistance when it, tries to move in anot’her direc- 
tion. It .is obvious that this lack 
arrangement of the eddies, which ha 
tematically investigated, besides bein 
dynamics of the at’mosphere, should 
consideration in c o m p u h g  the resistance against’ bodies 
moving through the air. An airship moving in the wind 
direction and one moving at  right angles to it, should 
not, other things being equal, esperience the same resist- 
ance. 

Richardson was the first to bake up t,he general problem 
of determining the physical fact,ors which create tur- 

bulence. I n  his pa er “The Supply of Energy to and 
from Atmospheric kddies” (15), he sets himself the 
task of finding a criterion for the conditions under which 
the kinetic energy of eddies, in brief the turbulent 
energy, will decrease or increase. This idea was in 
itself not new; it had been used by Osborn Reynolds, 
who had derived a Criterion of Turbulence for an incom- 
pressible liquid. In  the same way as in a small scale 
hydrodynamic nl experiment molecular viscosity is trans- 
forming the kinetic energy of the visible movement into 
invisible molecular kinetic energy, i. e. heat, so eddy 
viscosity transforms the kinetic energy of the regular 
movement into kinetic energy of turbulence. Reynold’s 
theorem S R ~ S  that the increase of the total turbulent 
energy within a closed system must be equal to the gain 
of turbulent energy from the mean motion (through 
eddy viscosity) niinus the loss of turbulent energy 
(through molecular viscosity). The latter transforms 
turbulent energy into heat. 

In the application of this theorem to the atmosphere 
Richardson had to generalize it considerably. The 
atmosphere is not incompressible, but is an ideal gas 
under the inflwnce of an external field of force, gravity. 
Thus he had to take two new energy fornis into considera- 
tion, potential and internal. These two forms of energy 
are however closely connected. Dines (and before him 
hlargules) hnd shown tlilnt the total change of potential 
energy within a rertical air column, limited by fixed 
walls, always stands in a constant proportion to the 
change of internal energy.’ Now it is easy to see that 
in general the activity of the eddies increases the potential 
and therefore also the internal energy of the atmosphere. 
If the lapse rate is stable, then a smtlll,eddy, lifted from 
mother layer, will firrive in the new layer colder than the 
surroundings slid therefore try to sink. Energy is 
therefore needed to prodrrce the lifting and it is drawn 
from the kinetic energy of the eddy which thus is trans- 
fornied into potential energy. Similarly, an eddy moving 
downward from its mother layer will everywhere arrive 
warmer than the surroundinps an!l therelore try to rise. 
Work is again needed and is ttiken from the kinetic 
energy of the eddy. Richardson showed that the loss 
of turbulent energy through this work against the 
generally stable vertical stratification, that is, against 
gravity, is much more important t>han the loss through 
the action of molecular viscosity, which all the time, 
but very slowly, is transforming turbulent kinetic 
energy into heat,. It is, therefore, in niost cases 
permiqsible to neglect, entirely the molecular viscosit . 
energy from the kinetic energy of the mean motion is 
equal to 

Noy  the production per unit volume of t u b u  r ent 

.[(3+(3] 
For t8he loss of turbulent energy through work against 
the stratification, Richardson finds the expression 

1 66 
cg - - (g= acceleration of gravity) e 62 

4 If the potent,ial energy is denoted by P, the internal by I, and R variation Is indieat,ed 
by 6, then 

JP--R--aI m e .  
Here R is the absolute g s  constant, rn the molecular weight of air and c. the speciflc 
heat at  constant volume. 

8 The expression originally given by Richardson contains the vertical lapse rate of 
specific entropy; in case of dry or clear moist air it can, however, with only sllght error 
be transformedinto theexpressiongivenabove. Thislptterexpressionshows, that in w e  
of upward decreasing potential temperature, potential and internal energy are trans- 
formed into eddy energy. . 
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Thus, in order that  the turbulent energy may decrease 
at  a certain point, we must have 

If we assume p and c,  eddy viscosity and eddy c,on- 
ductivity, to  be equal, then the above expression can be 
still more simplified. Richardson’s theorem may be 
formulated in words : 

To every value oj the eerticd lapse ra.te oj temperat.ure th,ere 
corresponds a critical o a l w  for  the increase oj wind with 
height. lj the in.crense a c t d l y  obserzled i s  less 2ha.n. fhe 
critical value, then the turbdence (m.ore de3nitely the eddy 
energy) has a tendency to decrease. lj the z7ertical ,i.ncrense 
of wind velocity exceeds the critical value, the,n. the eddy 
mergy h m  a tendency to ~ n c t m s e .  

For an average clear day the crit8ic,al value (in t’he 
troposphere) is equal to 1 ni/sec. per 100 ni. 

Richardson’s criterion closely resembles the definition 
of the crit,ical Reynold’s number. In investigat,ing the 
flow of tt liquid, for instance wat,er, t,hrough a narrow 
pipe of given dianiet.er D, we mean by Reynold’s niiinber 
the quantity 

PUD. 

p is the densitmy, p bhe molecular viscosiby and 17 t,he niean 
velocity through a c,ross-se,ction of the pipe. As long 
as U remains small, the flow will be laminar, but when 
U passes a certain critical value, the laminar flow brakes 
up int,o eddies and becomes t,urbulent,. 

Richardson in the pa.por already cit,ed (15 )  also laid 
down t8he fundamentals of .what he called “Edclg- 
Thermodynamics.” He proved that, if a volume, con- 
taining numerous eddies, is espanded or c0mpresse.d 
adiabatically the total turbulent energy (and t,herefore 
also the eddy energy per unit mass E )  will vary wit.11 t,he 
densit.y p according to the law6 

E=consb. p3 

This relation has the same form as the relation bebween 
temperature and density in a nionat,oniic gas which is 
espanded adiabatically. It, has not yet’ found 
practical applicat,ion, but Richardson points out t,liat, 
i t  may have some bea.ring upon the stat,e of turbulence 
.in an air mass flowing up or down B hillside or entering 
into a huge convection cloiid. 

Finally, Richardson pnir1te.d out, t>hat there is ir; the 
atmosphere not only a production and consunipt,ion of 
eddies but also a diflusion of t,liem from regions mhe,re 
they are crowded to re,gions where tjhey are rare. As an 
example he gave the espe.rience of 8.11 aviator flying at. 
about 700 m. 0ve.r the, Nile. Early in t>he morning the 
air was calm and the river smooth as mirror, hut8 when 
the sun began to heat thc ground, sniall ripples formed 
on the surface of the water. About half an hour later 
the aviator could feel the first gusts oni the rising tur- 

large,r ones, trave.ling from one layer to another, will 
carry numerous smaller eddies with them. The diffusion 
of these small eddies, of which there’ may he a great) 
number in one large eddy, probably follows a law siniilar 

P 

bulence. In  the air, eddies of all sizes 4 re present. The 

~ _ _ _ ~ _ _ _ _ ~ ~  ~~~ ~ ~ _ _ _  
6 This formula suggests the introduction of a quantity E =  E .  p-~ ,~h i~ ‘ I i remains  ron- 

stant during adiabatic erpansiou or compression of the air. Richurdsnn gave X the 
name “potential eddy-hent per unit mass.” 

to that given for the turbulent transport of potential 
temperature. Whether th’e diffusion of large eddies obeys 
the same law seems impossible to prove in any other 
way than by the success or failure of a theory based on 
that assumption. 

Now let us sum up what had been achieved by Rich- 
ardson and his predecessors and what remained to be 
done. The gains were: 

1. An espression had been derived for the production 
of eddy energy from the kinetic energy of the mean 
motion. 

3. An expre.ssion had been derived for the loss of eddy 
energy through work against a stable stratification, and 
for the gain of eddy energj in case of an unstable strati- 
ficat,ion. 

3.  A criterion had been found for the conditions under 
which an a.ir current will remain laminar or become tur- 
bulen t . 

4.  ,4n equat,inn of cont,inuity had hee,n derived, express- 
ing the incxease of eddy energy in a c.losed system as 
the differe.nc,e between production and consumption of 
eddie.s within the system. 

The shortcomings of the t,heory as a ~ i  aid to the solution 
of the general problem are 

1. The state of turbulenc,e is characterized by three 
different quantities, 

eddy viscosity p 
e.cltly conduchivity c 
eddy energy E 

3. Bet,u-een these three charwteristics there is as yet 
only one relat.ion, t,he eiiergy equation. Thus two of the 
above chnrac.teristics o f  t,lie t,urbulence remain unde- 
termined. 

3.  The energy equation refers to a closed system and 
can therefore not be used for c,oniputation of the state of 
turbulence a t  individual points. 

The reason why Richardson’s equation can not be 
applied t,o any sriiall element of volume is obvious. Such 
an elenxnt can not he regarded as a closed system. 
There is diffusion of eddy energy through the boundaries 
of the elements; therefore new assumptions concerning 
this diffusion have to be made and perhaps new charac- 
teristics of the turbulence introduced. 

In two cont,ributions t,o this journal (16, 17) I have 
trie,d to modify t,he theory in a way to take care of the 
difficulties mentioned above. Nat,urally, H. number of 
assunipt,ions were necessary, just,ific,ntion .of which must 
be sought, in t,he, results o€ the. theory. The fundamental 
assumptions are : 

1. Eddy energy per unit mass ( E ) ,  which quantity for 
brevity’s sa.ke ma.y be. called specific eddy energy, is 
diffused upward per cm’ and SPC. a t  t’he ra.te of 

6E 
82 

- c s  - (c ,  is a c!)cfficient,) 

2 .  The charuckeristics of the tarbu1enc.e 111 us intro- 
duced, 

eddy viscosity y 
eddy conductivity c 
diffusion coefficient cg 
specific eddy energy E 

are reducrd to one, E, through the assumption that p,  C, 
and cS are all proportional to E. 
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The expression for the diffusion current of eddy energy 
is formed in a way analogous to the correspondin expres- 

Since, however, not the specific eddy energy but the 
potential eddy energy (see footnote 6 )  remains constant 
during the transport of an air mass from one layer to 
mother, it would perhaps have been more correct, t’o 
introduce t,he latter quantity in the expression for the 
diffusion current. 

The assumed proportionality between p, e ,  cE and E is 
probably a good approsimation for regions of the free 
atmosphere where the linear dimensions of the eddies 
differ but little from point to point. Approaching the 
ground, however, we find that bhe eddies rapidly decrease 
in size. The assumption is therefore probably not 
fulfilled in this region. 

It is easily seen that if the energy equation is applied 
to a small volume element and the diffusion t,hrough bhe 
boundaries taken into account, t,liis equat8ion will become 
a differential one. If, furthermore, we introduce E every- 
where instead of p, C, a.nd cE, we obtain a different,ial 
oquation which permits us to compute the distribution 
of the specific eddy energy at  any time, if this distribu- 
tion is lrnown at  a certain moment. The coefficients of 
the new differential equation contain the quantities 

sions for the diffusion of other meteorological e 7 ements. 

in other words, the increase of wind velocity and potential 
temperature with height. Thus the solution of our 
d8erential equation gives us t’he spec.ific, eddy energy as 
a function of the vert,ical distribution of teniperaturc 
and wind. 

As a test of this theory the equation for E was itite- 
graked for a number of simple c,ases. Thus t,he diffusion 
under different conditions of an originally limited supply 
of eddy energy was discussed and qualitatively satis- 
factory results were obtained. Assuming a simple 
vertical distribution of temperature and wind velocity 
reasonably corresponding t,o normal atmospheric condi- 
tions, a curve was derived for the vertical distribution 
of the specific eddy energy and thus, by virt,ue of our 
second assumption, also for t,he eddy visc.osit,y. This 
curve agreed well with memurements of the vert’ical 
distribution of eddy visc.osity (18). 

If, in the case of no mean motion, t,he equat8ion for 
E is combined with the equatioii for eddy c.onvection of 
heat, a syste,in i s  obtained, containing two variables, E, 
the specific. eddy energy, snd 6, the pot,ent,id t8emperature. 
This system furnishes 11s with t,he general snlut’ion of t,he 
problem of thermal convect,ion. The solut,ion may, how- 
ever, not be applied to the discussion of, for inst.anc.e, the 
growth of an individual c.umulus cloud. The whole 
theory is statistical, i. e., it  deals with the behavior of a 
number of eddies, not wit>h the growth and dec;a,v of 
individual eddies. 

For a real test of the theory i t  would be highly desirable 
to get some values of the specific eddy energy a t  different 
levels. Such values could probably be computed from 
records obtained by aneniometers or other instruments 
registering gustiness. It would be especially desirable to 
have such records from some distance above the ground, 
since the dimensions of the eddies in the surface layers 

are s m d  compared with those of the free atmosphere, 
More observations of the rate of diffusion of turbulence. 
of the same type as the example quoted from Richard- 
son, would also aid the development of the theory. 

Simultaneous with these observations of specific eddy 
energy and the rate of diffusion, we should measure the 
vertical distribution of wind and temperature as well ae 
eddy viscosity. I hope later to discuss more fully meas- 
urements referring to turbulence in general. 
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